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Design principles for a nanoconfined enzyme
cascade electrode via reaction–diffusion
modelling

Bhavin Siritanaratkul

The study of enzymes by direct electrochemistry has been extended to enzyme cascades, with a key

development being the ‘electrochemical leaf’: an electroactive enzyme is immobilized within a porous

electrode, providing in situ cofactor (NADP(H)) regeneration for a co-immobilized downstream enzyme.

This system has been further developed to include multiple downstream enzymes, and it has become an

important tool in biocatalysis, however, the local environment within the porous electrode has not been

investigated in detail. Here, we constructed a 1D reaction–diffusion model, comprising the porous

electrode with 2 kinds of enzymes immobilized, and an enzyme-free electrolyte diffusion layer. The

modelling results show that the rate of the downstream enzyme is a key parameter, and that substrate

transport within the porous electrode is not a main limiting factor. The insights obtained from this

model can guide future rational design and improvement of these electrodes and immobilized enzyme

cascade systems.

Introduction

In biological systems, cascades with many steps and components
are confined together in small volumes, leading to higher
efficiencies due to shorter diffusion distances for reaction inter-
mediates. Inspired by biological cascades, the ‘electrochemical
leaf’ is a recently developed platform technology: an electron-
driven, nanoconfined enzymatic cascade, immobilized within a
porous indium tin oxide (ITO) electrode.1–4 The key enzyme is
ferredoxin-NADP+ reductase (FNR), a component of the photo-
synthesis cascade. When FNR is directly in contact with a suitable
electrode surface, it is electroactive, able to quasi-reversibly
catalyse the 2e� interconversion of NADP+/NADPH, a recyclable
redox cofactor. When another NADP(H)-dependent enzyme is
co-immobilized into the same electrode pores, this leads to a
significant enhancement in the measured current.

The electrochemical leaf has been demonstrated to work
with various downstream enzymes, in H2 or light-driven systems,5,6

for large-scale biosynthesis,7 or even extended to a 4 or 5-enzyme
cascade.8,9 A key attribute of the system is that all enzyme
components are confined within the same porous volume, with
pore sizes on the scale of 5–100 nm. However, the local
environment within the porous electrode is largely unexplored,
and rational design of such a nanoconfined cascade electrode

cannot be undertaken without understanding the effects of elec-
trode structure (porosity, thickness, etc.) and enzyme distribution.

Reaction–diffusion modelling is a common tool used to
elucidate and understand the relationships between mass
transport, the local environment, and the reaction rate for a
variety of reactions and geometries. For example, in electro-
chemical CO2 reduction, the local pH and CO2 concentration at the
electrode surface are important parameters, and modelling has
demonstrated that they can differ significantly from the bulk values
at high currents.10,11 Reaction–diffusion modelling has also been
previously used to investigate enzyme-immobilized electrodes,12,13

but these studies mainly focussed on the activity of single enzymes
(hydrogenases, formate dehydrogenases) and their interactions
with buffering species or the local CO2 supply.

Classical electrochemistry with a coupled homogeneous
reaction is well-known (i.e. the EC0, so-called ‘catalytic’
mechanism),14 but the electrochemical leaf which is a porous
electrode with all components immobilized (i.e. no bulk homo-
geneous reaction) presents distinct differences. The current–
voltage behaviour of an enzyme in porous electrodes has been
investigated by modelling, but only for a single enzyme (with no
coupled downstream reaction) where nanoconfinement may
have no significance.15 In this paper, we use reaction–diffusion
modelling to calculate concentration profiles for a porous
electrode with multiple enzymes immobilized, and investigate
the effects of various parameters such as the downstream
reaction rate and electrode porosity. These modelling results
provide guidelines for future design and development of the
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electrochemical leaf system towards practical-scale current
densities.

Simulation methods
1. Components and geometry

Here we adopt a 1D geometry with the x-direction normal to the
electrode surface, with an electrode layer possessing a given
thickness (L) and porosity (e), and the adjoining layer of
electrolyte, referred to as the diffusion layer (with thickness d).
A scheme of the model is shown in Fig. 1. We assume this
diffusion layer is stagnant (i.e. no convection), and the composi-
tion at the boundary with the well-mixed bulk electrolyte is
pinned to the bulk values.16 The thickness of the diffusion layer
can vary greatly, depending on the cell and electrode geometry,
and flow/stirring conditions, in the range of 100–500 mm for a
typical flat electrode in a stirred batch cell. Within the porous
layer, two kinds of enzymes are immobilized (i.e. no enzymes
are present in the diffusion layer or the bulk solution),
uniformly dispersed throughout the electrode. One enzyme is
the electroactive enzyme (FNR in the electrochemical leaf,
denoted as E1 here for a generic model), and here we consider
the reduction reaction (E1 consumes 2 electrons to reduce
NADP+ to NADPH) as follows:

NADP+ + 2e� + H+ - NADPH with rate R1 (Reaction 1)

The second enzyme (E2) is the downstream enzyme, consuming
NADPH to convert its substrate (S) to product (P) (assuming a
typical hydrogenation,17 for example a ketone to an alcohol by
an alcohol dehydrogenase18,19):

S + NADPH + H+ - P + NADP+ with rate R2 (Reaction 2)

The rates R1 and R2 are defined below. Although only the
reduction direction is treated in this paper for simplicity,
the modelled trends and conclusions are also valid for the
oxidation (NADPH oxidation to NADP+ by E1, and NADP+

consumption by E2) direction.

2. Governing equations and boundary conditions

We consider 5 chemical species within the electrolyte-filled
portion of the porous electrode and the diffusion layer: NADP+,
NADPH, E2 substrate (S), E2 product (P), and H+. As the reaction
is usually conducted with a large concentration of supporting
electrolyte, we assume migration to be negligible, and the only
the processes affecting the concentration profiles are reaction
and diffusion.16

@½NADPþ�
@t

¼ DNADPþ
@2½NADPþ�

@x2
� R1þ R2

@½NADPH�
@t

¼ DNADPH
@2½NADPH�

@x2
þ R1� R2

@½S�
@t
¼ DS

@2½S�
@x2

� R2

@½P�
@t
¼ DP

@2½P�
@x2

þ R2

@½Hþ�
@t

¼ DHþ
@2½Hþ�
@x2

� R1� R2

Outside the electrode layer, the rates R1 and R2 are set to
zero, since both E1 and E2 are present only within the
electrode.

Within the electrode layer, the local electrochemical rate of
E1 is assumed to follow the Butler–Volmer equation,16 which at
sufficient overpotential reduces to the Tafel equation. The rate
is first-order with respect to [NADP+], since the reaction occurs
at [NADP+] values well below Km. At each position within the
electrode, the current is assumed to apply uniformly to the
proportion of the electrode that is occupied by electrolyte,11

therefore the rate R1 is

R1 ¼ Je
2F
¼ k0

L
½NADPþ� exp Eappl � E0

RT

� �

where J is the current density, e is the porosity, F is Faraday’s
constant, k0 is the heterogeneous electrochemical rate constant
for charge transfer, L is the electrode layer thickness, [NADP+] is
the local NADP+ concentration, Eappl is the applied potential,
E0 is the formal potential for the NADP+/NADPH couple, R is the
gas constant, and T is the temperature.

The rate of E2 (R2) is assumed to follow Michaelis–Menten
kinetics for 2 substrates:20

R2 ¼

kcat½E2�½S�½NADPH�
Ki;SKm;NADPH þ Km;NADPH S½ � þ Km;S NADPH½ � þ ½S� NADPH½ �

where [E2] is the concentration of E2 within the porous
electrode, Ki,S is the inhibition constant for S, and Km,S and
Km,NADPH are the Michalis–Menten constants for S and NADPH,
respectively. The reaction rate is in principle also pH dependent,
but here we assume the rate is constant with respect to pH since
typically experiments are conducted in a large presence of buffer.

Fig. 1 Scheme of the 1D-model of a porous electrode, with two kinds of
immobilized enzymes (E1 the electroactive NADP(H)-regeneration
enzyme, and E2 the NADP(H)-dependent downstream enzyme). The
electrode thickness and diffusion layer thickness are not shown to scale.
The substrate is transported from the bulk by diffusion to the electrode
layer, where both the S - P and NADP(H) recycling reactions occur.
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Although the local pH can be increased in when operating a
cathodic current, at smaller current densities (o1 mA cm�2) and
with buffering species, the perturbation in pH can be considered
negligible. Although the form of the rate equation may change
with the mechanism, a detailed analysis of different rate
equations and Km is not the focus of this study, and the Km

values were set at a representative value such that the initial bulk
S concentration is in excess of Km.

The boundary at the back contact of the electrode (i.e. the
deeply-buried end, farthest away from the solution) is set to be
the no flux condition. At the boundary of the diffusion layer and
bulk electrolyte, all species are set to the same concentration as
the bulk.

The simulation was conducted in COMSOL 5.0 using the
Coefficient Form PDE interface, and the simulation was run for
20 s, at which the model is considered to have reached steady
state (the concentration of each species changed by less than
0.3% in the final time step).

3. Modelling parameters

Table 1 shows the diffusion coefficients of the various species
used in the model. The diffusion coefficients for NAD(H) and
NADP(H) should be similar, and a range of values has been
reported in literature (2.0–6.7 � 10�10 m2 s�1).21–25 Here we use
the value obtained from previous electrochemical measurements2

which is close to the midpoint of this range. The diffusion
coefficients of organic substrates and products in water can vary
greatly (B3–15 � 10�10 m2 s�1),26 here we have taken a represen-
tative value (7.5 � 10�10 m2 s�1). The exact values do not
significantly affect the trends in results reported here, with the
only key value affected being the mass-transport limited current,
which scales linearly with the diffusion coefficient (see Results
below for explanation).

Transport properties within porous materials can differ
from their bulk values, depending on the porosity (defined as
the void volume fraction of the electrode) and tortuosity of the
porous media (the ratio of an effective path length to the edge
length), and this can be understood as diffusion becoming
more difficult due to the longer path length and smaller cross-
section area for transport.27–29 Here we applied a commonly-
used model, the Bruggeman correction, which for random
blocking spheres is as follows:

Deff ¼ D
e
t
¼ De1:5

where Deff and D are the effective and bulk diffusion coeffi-
cients, respectively, e is the porosity, and t is the tortuosity
factor. We note that this is an approximation for an idealized

porous media, and some previous reports made a decision to
not apply a correction factor since an accurate tortuosity was
not measurable.30

Other parameters are listed in Table 2. Unless stated otherwise,
the electrode thickness was set to 5 mm and the porosity set to 0.5,
which are typical for a porous ITO electrode used in previous
experimental work. The temperature was set to typical room
temperature (298 K), and electrolyte effects were not considered.

Results

First, to demonstrate that the model is a good representation of
this electrochemical cascade system, we simulated the current
density at steady state (taken to be after 20 s) as a function of
applied potential, for a range of heterogeneous rate electrochemi-
cal constants (k0) for electron transfer to E1 (Fig. 2). This is
equivalent to a linear sweep voltammetry at very slow scan rates,
and the current is plotted as negative in this figure for ease of
comparison with typical voltammograms that use the convention
of reduction current as negative. The coupled enzyme E2 is present
only within the electrode layer (at a concentration of 1 mM), and
the cofactor NADP+ is present in the bulk at 10 mM, a typical
concentration used in previous reports (which means the initial
NADP+ concentration throughout the electrode layer and electro-
lyte diffusion layer is also 10 mM). With a low heterogeneous
electrochemical rate constant, a distinct overpotential requirement
can be observed, while at higher heterogeneous rate constants the
currents quickly reach a plateau, where the rate of NADP+ con-
sumption by E1 (measured as the current) is limited by the
maximal rate of NADP+ generation from E2 turnover under these
conditions. This modelled current–voltage relationship (a current
onset, followed by a coupled reaction-limited plateau) agrees
qualitatively with the previous experimental results,2,3 as well as
with the voltammogram of an EC0 or ‘catalytic’ mechanism from
electrochemical theory.14 In the following results, the applied
potential is fixed at �0.3 V vs the formal potential of NADP+/
NADPH (E0), which is a sufficiently large overpotential, and the
heterogeneous electrochemical rate constant for E1 is fixed at
1 � 10�4 m s�1, since the regime of interest is where the E1 is
not the limiting component.

Fig. 2B shows an example concentration profile of NADP+,
NADPH, and the substrate (S) and product (P) of E2 (with the E2
kcat of 1� 102 s�1). The bulk concentration of NADP+ and the E2

Table 1 Diffusion coefficients (m2 s�1)

Species Value

NADP+ 4.2 � 10�10

NADPH 4.2 � 10�10

S 7.5 � 10�10

P 7.5 � 10�10

H+ 9.3 � 10�9

Table 2 Other parameters

Parameter Value Units

Electrode layer thickness (L) 5 mm
Electrode porosity (e) 0.5 —
Diffusion layer thickness (d) 100 mm
E1 heterogeneous electrochemical rate constant 1 � 10�4 m s�1

Bulk E2 substrate (S) concentration 10 mM
Bulk E2 product (P) concentration 0 mM
E2 concentration within the electrode 1 mM
E2 Ki,S 1 mM
E2 Km,S 1 mM
E2 Km,NADPH 1 mM
Temperature (T) 298 K
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substrate were 10 mM and 10 mM, respectively. Under cathodic
operation, the NADPH concentration is maintained at a high
level within the pores, since the E1 is reducing NADP+ to
NADPH. Under these conditions, although E2 is actively turn-
ing over, the E2 substrate is still maintained at a relatively high
concentration within the pores, but if the E2 rate is sufficiently
increased (see below), E2 substrate supply will become limiting.

Next, we demonstrate the importance of the downstream
enzyme E2 in increasing the achievable current density. When
there was no E2 present (Fig. 3A, grey trace), the steady-state
current is determined by transport of NADP+ from the bulk.
With E2 present in the porous layer (Fig. 3A, dark to light red
traces, with darker shades signifying higher kcat of E2, all at a
constant E2 concentration of 1 mM within the electrode) the
reaction of E2 consumes NADPH and produces NADP+, thus
increasing the flux of NADP+ for E1 to reduce, resulting in an
enhanced current. (In this model, increasing the E2 rate at a
constant E2 loading is equivalent to increasing the loading at a
constant E2 rate, as the rate of Reaction (2) is governed by the

product of these two parameters). This current enhancement is
observable even down to [NADP+] of a few mM, which is
consistent with experimental results that achieved a significant
coupled current in the presence of a downstream enzyme.1,2 At
higher [NADP+], the current reaches a transport-limited plateau
(of E2 substrate from the bulk to the electrode outer surface),

Fig. 2 (A) Steady state current density as a function of applied potential
(equivalent to slow-scan linear sweep voltammetry) with various hetero-
geneous electrochemical rate constants. (B) Concentration profiles of
NADP+, NADPH, and the substrate and product of E2 throughout the
simulated region. The electrode layer is 5 mm, on the left side, and the bulk
electrolyte is towards the right side. Simulation conditions: porosity 0.5,
[NADP+] 10 mM, E2 kcat 1 � 102 s�1.

Fig. 3 (A) Current density of the porous electrode with only E1
(uncoupled, grey trace), and with E1 and E2 both present (coupled, dark
to light red traces), as a function of [NADP+]. (B) The current enhancement
factor (the ratio of the coupled and uncoupled currents) as a function of
[NADP+]. (C) Current density as a function of E2 rate (kcat) at constant
[NADP+] 10 mM. Simulation conditions: electrode thickness 5 mm, porosity
0.5, E2 loading 1 mM, applied potential �0.3 V vs. E0.
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and at the highest [NADP+] values (B10 mM, i.e. when the bulk
[NADP+] is on the same order as the E2 substrate concentration)
this plateau is exceeded due to the addition of the current from
reduction of bulk [NADP+].

Using the concept of a Nernst diffusion layer, the transport-
limited current can be estimated from

Jlim ¼ nFD
Cbulk � C0

d

where Jlim is the transport-limited current density, n is the
number of electrons, F is Faraday’s constant, D is the diffusion
coefficient, Cbulk and C0 are the concentration of the E2 sub-
strate in the bulk and at the electrode surface, respectively, and
d is the diffusion layer thickness. Using n = 2 electrons, bulk
E2 substrate (S) concentration 10 mM and a diffusion layer
thickness of 100 mm gives a limiting current density of
B1.45 mA cm�2. Previous experiments were conducted under
a range of diffusion layer thicknesses, in simple stirred cells
(4100 mm) or with rotating disk electrodes (12–25 mm under
typical rotation rates, estimated from d = 1.61D1/3o�1/2n1/6,
where D is the diffusion coefficient, o is the angular rotation
rate, and n is the kinematic viscosity),14 therefore direct com-
parisons are difficult without a reported diffusion layer thick-
ness. Nevertheless, comparisons are instructive, for example
previous work using rotating disk electrodes3 (which could have
a transport-limited current density up to B12 mA cm�2 due to
the smaller diffusion thickness) achieved a maximum current
of 40–60 mA cm�2. The highest current density reported to date
for the electrochemical leaf system was from a double sided foil
support in a stirred cell (B300 mA cm�2).7 Regardless of the
variation in achievable currents (mainly due to differences in
loading of E1 and E2 between experiments), we can conclude
that at the present stage the electrochemical leaf is operating in
a regime below the E2 substrate transport limit, and there is a
large scope for improvement.

The increase in current with an E2 present can be quantified
as the enhancement factor, i.e. the ratio of the currents with
and without the coupled reaction (Fig. 3B). This current
enhancement can be compared to a recent experimental work
that demonstrated an enhancement factor of B25 at [NADP+]
B50 mM.31 The results here show that the coupled current does
increase with higher [NADP+] (by 4100–1000 times compared
to the uncoupled current, depending on the E2 activity), but at
higher [NADP+] (4100 mM) the contribution from the coupled
current can become obscured by the bulk supply of [NADP+],
resulting in markedly smaller enhancement factors. In the
context of a cofactor recycling system, there is a need to balance
the requirement for higher cofactor turnover number (i.e. lower
cofactor concentration) but still maintain a high rate (i.e. higher
current). The actual numbers may vary slightly with different
simulation parameters, but trends obtained here demonstrates
that modelling can provide a helpful guide for reaction engineer-
ing, and that using cofactors at mM scale concentration is
inefficient since this offers limited enhancement in rate.
Although the present model is a simplified 1D model, with no
accounting for pH, temperature, and electrolyte effects, it did

capture the current enhancement effect from pore-confined
cofactor recycling. Future work will involve extending the model
to more detailed 2D and 3D geometries, as well as incorporating
additional reaction condition parameters.

Fig. 3C shows the effect of the E2 rate (kcat), at a constant E2
loading, and [NADP+] of 10 mM. The slope of B0.9 on a log–log
plot, for the intermediate kcat values (between 1 and 1000)
indicates that the current scales linearly with the overall rate
of E2 reaction. At higher E2 rates, the current plateaus due to E2
substrate transport as explained above. This result underscores
the importance of enhancing the coupled enzyme rates, and
that increasing the E2 loading is key in achieving high perfor-
mance. In line with this modelled trend, previous experimental
results using an alcohol dehydrogenase as the E2 showed that
the steady-state current increased with concentration of E2
used in the loading solution.3

One important question is the distribution of reaction rates
within the porous electrode layer. In experimental work, the
enzymes are usually loaded onto the porous electrode by drop-
casting a concentrated drop of enzyme solution, then the excess
enzyme is rinsed off. Therefore, it is reasonable to assume a
uniform concentration of enzymes within the electrode. Do
deeply-buried downstream enzymes (E2) participate to the same
extent as enzymes located near the electrode surface? Fig. 4
shows the local rate of the E2 reaction, as a function of the
position within the electrode layer (with 0 being the deeply-
buried back contact, and 1 being the outermost surface adjoining
the electrolyte diffusion layer). At lower E2 rates, all of the E2 are
turning over at a uniform rate, regardless of the position within
the electrode. The local concentration of NADPH is maintained at
a high level, and a substantial concentration of the E2 substrate
remains available throughout the electrode. Only at the highest
E2 rate, where the total current density reaches the E2 substrate
transport limit, the substrate becomes less available within the
deeper pores, leading to lowered E2 rates.

Another possibly significant parameter is the porosity of the
electrode. Fig. 5 shows the dependence of the current density

Fig. 4 Distribution of E2 rates within the electrode layer, at various E2
rates. Simulation conditions: electrode thickness 5 mm, porosity 0.5,
[NADP+] 10 mM, applied potential �0.3 V vs. E0.
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on the porosity (from 0.4–0.8), at different rates of E2 while
holding the E2 concentration constant. (In practice, the porosity is
not completely independent of enzyme loading, as higher porosity
should provide a higher internal surface area for enzymes to adsorb,
but here for ease of comparison the loading is set to be constant).
Regardless of the E2 rate, the porosity has a very small effect on the
achievable current density (the current increase is o5% when
comparing lowest and highest porosity). This is consistent with
the results from Fig. 4, which indicated that substrate transport
within the electrode is not a main limiting factor.

From our reaction–diffusion model, we can see that the
ultimate limiting factor is the transport of the E2 substrate
from the bulk to the electrode surface, but experimental results
to date are still well below this limit. In this regime, transport
within the electrode is not limiting, the E2 substrate concen-
tration is maintained in the pores, and the key limiting para-
meter is the total E2 rate within the electrode. Based on this
insight, we can predict that thicker electrodes (i.e. overall
increased enzyme loading, therefore increased total E2 rates) will
achieve higher currents. Looking towards the future, when the
transport limit is reached (for example by increasing the E2
loading significantly), how do we break this limitation? At that
point, it would be valuable to redesign the cell, using a flow
system, to achieve a smaller diffusion layer thickness. For
example, a CO2 electrolyzer with forced catholyte flow-through
with a porous catalyst layer was able to achieve unprecedented
current densities (43 A cm�2), attributed partly to diffusion
thicknesses on the scale of 1 mm.32

Conclusions

We have constructed a reaction–diffusion model to investigate
a porous electrode containing an immobilized enzyme cascade
with cofactor recycling. When operating below the substrate
transport-limited regime, the recycling of the cofactor within
the pores enhances the achievable current density, with a
trade-off between higher cofactor turnover and higher currents.
The modelled trends are consistent with previous experimental

results, and provides a guide for future improvements of this
system. The most important parameter is the total rate of the
downstream enzyme, which could be increased by either using
E2 with higher intrinsic rates, or increasing the E2 loading.
Substrate transport within the pores is not limiting, therefore
deeper-buried enzymes still operate at a similar extent as the
shallower ones, until the E2 substrate transport-limited regime
is reached. The porosity of the electrode has marginal direct
effects on the current, but may have indirect effects in increasing
enzyme loading. When approaching the substrate transport-
limited regime, the diffusion layer thickness is key, and further
improvements will depend on cell and electrode design to
minimize the diffusion layer thickness.
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